During inhibition of deoxyribonucleic acid synthesis in Bacillus subtilis 168
The shape and dimensions of a bacterium must reflect the processes by which the external layers or shape-determining structures grow. Rod-shaped bacteria, such as Bacillus, probably grow only in length, as there is very little variation in width among cells of different age under any one growth condition (22) . This could be achieved by large numbers of growth zones operating all over the surface or by a few annular zones. Studies of surface labeling of rod-shaped bacteria have provided evidence in favor of both views (11, (23) (24) (25) 32) . The recent studies of Kepes and Autissier (14) in Escherichia coli have suggested that some membrane proteins may be the only surface components that exhibit conservation during growth and that lipid and mucopeptide are either randomized during growth or are inserted over the entire surface. In corroboration of this conclusion, Ryter et al. (33) have shown localized incorporation of diaminopimelic acid in very short pulses in E. coli. Probably the most satisfactory synthesis of the data available is that in rod-shaped organisms there are a limited number of growth zones but that certain components of the surface may appear not to be conserved, either because they are randomized after synthesis, or they are indeed synthesized all over the surface, or there is turnover of surface components.
The time course of length extension in rodshaped organisms has been studied on individual growing cells (17) , on populations of syn- 7 chronous cells (41) , and by inference from the length distribution of exponential-phase cultures (3) . Such results show that length extension is undoubtedly continuous throughout the cell cycle but do not distinguish between exponential and linear growth models with certainty. Biochemical evidence that indirectly favors linear growth has been obtained by showing that mucopeptide in E. coli (10) and membrane protein in Bacillus subtilis (35) are synthesized at a constant rate with doublings in rate at particular points in each cycle. The pattern of synthesis of these components during the cell cycle might be expected to correspond with that of growth in length of the bacterium.
The suggestion of Jacob et al. (12) that chromosome segregation is achieved by surface growth between attached chromosomes imposes certain limitations on possible models of surface growth (36) . An important conclusion from attempts to devise schemes of chromosome segregation depending solely on surface growth is that segregation can only be achieved with one or two growth zones per chromosome (36) . The strongest support for the replicon hypothesis (12) remains the observation of Lark and co-workers (on B. subtilis [7] , E. coli [21] , and Lactobacillus acidophilus [1 ] ) that labeled deoxyribonucleic acid (DNA) strands are not segregated randomly and that pulselabeled chromosomes are inherited with the cell envelope to which it was attached when first used as a template. Pierucci and Zuchowon October 27, 2017 by guest http://jb.asm.org/ Downloaded from 8 SARGENT ski (28) have confirmed these observations for E. coli and satisfactorily explained conflicting data. If chromosomes are segregated by surface growth, then temporal control of the appearance of surface growth zones should be coupled to chromosome replication (18, 29, 30, 43) . In support of this, Kubitschek (18) has shown that volume increase in E. coli is linear in the absence of DNA synthesis, suggesting that the appearance of new growth zones is dependent on DNA replication.
There is strong evidence in E. coli that the chromosome cycle has a strict temporal relationship with cell separation (8) . If the appearance of surface growth zones is coupled to a particular point in the chromosome cycle, then the length of a rod-shaped bacterium will be an exponential function of growth rate. Evidence for this has been obtained in a number of cases (37, 40, 43) . Zaritsky and Pritchard (43) have suggested that the variation in average cell length with growth rate in E. coli is consistent with the appearance of growth zones at termination of replication and with the rate of extension per growth zone being proportional to growth rate. In this communication, three models are discussed for the control of cell length, which provides a reasonable fit to the observed variation in cell length with growth rate. Experiments have been devised that test the assumptions underlying the derivation of these models.
MATERIALS AND METHODS
Organism. B. subtilis 168/S, an asporogenic variant of 168 Thy-Tryp-, able to grow on succinate as the sole carbon source, was maintained in a freezedried state. B. subtilis 168 Nil, a PBSX-mutant of 168 Thy-Tryp-, was kindly supplied by D. Karamata and was maintained as spores.
Growth conditions. The basal medium (34) used contains phosphate buffer (7.1 g of disodium hydrogen phosphate and 1.3 g of potassium dihydrogen phosphate [anhydrous] per liter, pH 7.3), magnesium sulfate (0.25 mg/ml), ferrous sulfate (.7H20) (1 jig/ ml), and manganese sulfate (.4H20) (0.1 jg/ml). Thymine (10 gg/ml unless otherwise stated) and tryptophan (5 ug/ml) were subsequently added aseptically to give the final concentrations shown. Carbon and nitrogen sources were added as shown in Table 1 .
threonine, and L-valine. The final concentration of each amino acid was 100 gg/ml (in media 7 through 13). In media 4 and 5, proline and arginine were present at 4 mg/ml. In media 1 through 3, the concentration of ammonium sulfate was 2 mg/ml and that of carbon sources was 4 mg/ml.
Inocula were grown in medium 3 and subsequently subcultured into the media described below, with inocula chosen to give cultures in the exponential phase of growth after overnight incubation. Thus, all measurements by the criteria of a constant ratio of optical density at 540 nm (OD,40) to particle number and DNA to OD.40 (data to be given separately) over at least three generations have been made on bacteria that have been grown in the exponential phase for more than 15 generations and were in balanced growth. All steady-state measurements shown in Table 1 Septa. Septa were counted on heat-fixed preparations of bacteria stained with 0.01% crystal violet (34) . At least 200 cells were counted on two preparations of each sample. The frequency of septa (S) was expressed as a fraction of cells counted. The time elapsing between appearance of septa and cell separation is given by (S + 1) = 2s'/g, where St is the separation time and g is the generation time (see Appendix).
Nuclear staining. Heat-fixed specimens were hydrolyzed with 1 9 is determined by: (i) the number of growth zones, (ii) the rate of length extension per growth zone, and (iii) the time in each cycle over which length extension occurs. Expressions for the average length of cells in an exponentialphase population of bacteria have been derived by using the age distribution theorem (31), assuming either linear or exponential growth in length during the cell cycle (see Appendix). In each of the three models considered, the rate of length extension has been considered independently of the cell width. Models based on the rate of increase in surface area can be derived (30) . However, in the case of the strain of B. subtilis used for the experimental tests described below, there is no detectable variation in cell width with growth rate. Therefore, any conclusions pertaining to cell length extension apply equally to surface area increase.
Linear growth models. Linear growth would occur during a period in which the number of growth zones did not change and the rate of length extension per site remained constant. Thus, in the cell cycle, if the number of growth zones doubled at time t (Fig. la) Calculation of nuclear segregation time, septal separation time, and time of commitment to division. If an event occurs at a specific cell age in the cell cycle (i.e., t, Fig.  1B ), the proportion of cells (p) in the population that have passed this point can be calculated from the age distribution theorem (31) by the formula p = 2 t") (where t is expressed in fractions of a generation time). Proofs of this relationship have been given by others (13, 20, 27) .
The nuclear segragation time, septal separation time, and time of commitment to division can be determined by using this relationship as follows.
(i) The time elapsing between nuclear division and cell separation (y) is given by Nu = 2y/g, where Nu is the average number of nuclei per cell. Note, y is expressed in real time.
(ii) The time between appearance of septa and cell separation (St) is given by (1 + S) = (27) under slightly different growth conditions. I have also shown that separation time can be varied by alteration in the ionic composition of the growth medium (34) .
Nuclei. The appearance of Giemsa-stained Fig. 3a and b, plotted as (a) log2 L/g and (b) log2 against generations per hour. Both plots provide moderately good fits to a straight line (determined by least-squares regression analysis). However, in Fig. 3a x has a value of 118 i 12 min and in Fig. 3b it has a value of 46 10 min ( Table 2) .
The variation from a straight line seen in Fig.   3 indicates that x cannot be constant under all the growth conditions. This is probably accounted for by the variation in the time between nuclear division and cell separation (y) ( log4(nl/loge2) account by dividing each equation by that for the numbers of nuclei, i.e., Nu = 2Y/g. These relationships are shown in Table 2 , together with the transformations for graphical analysis [models A through C (ii)]. Figure 3c and d shows log2 E/gNu or log2 E/Nu plotted against generations per hour. Model A gives a value of (x -y) (the slope) of 67 t 5 min, whereas modesl B and C give values of -3 2 min. The latter is not significantly different from zero by Student's t test. In both cases, the fit to a straight line is substantially better than when plotted as in Fig. 3a and b. The fit to models B and C (Fig. 3d) is probably marginally better than for A. Thus, on the basis of model A, growth zones double in number 67 min before nuclear segregation, but, according to models B or C, x is reached at or close to nuclear segregation.
Effect of thymine starvation on length extension and cell division. In deriving the models of length extension suggested above, a specific temporal relationship between the time at which growth zones double in number and the time of cell separation has been proposed. The most tangible physical basis for such a relationship is that certain parts of the chromosome have to be replicated to generate new sites of length extension. If so, then during inhibition of DNA synthesis the rate of extension should remain constant at the rate determined by the number of preexisting sites. For an exponential culture, the rate of length extension at any length (l) is E/g. Log.2 and would be equal to the initial rate of extension on any model of growth. The constant-rate model A suggests that in a nutritional shift-up during thymine starvation the rate of length extension will remain unchanged, whereas model B suggests there should be an increased rate of length extension. DNA synthesis was inhibited by thymine starvation of strain Nil of B. subtilis 168, which lacks the defective phage PBSX and therefore does not lyse during this treatment. Also, Nil differs from 168/S (but is similar to 168 Thy-Tryp-) in that it grows more slowly in glucose minimal medium and has slightly larger cells (20% greater than 168/S). The average cell length per nucleus was not significantly different for the two strains. Prior to thymine starvation, the strain was grown on glucose-ammonium medium (3) ( Table 2 ) with a generation time of 76 min and was then collected on a membrane filter (Millipore Corp.), washed free of thymine, and suspended in medium lacking thymine. Half of the resuspended culture was transferred to a flask containing casein hydrolysate to give a final concentration of 0.5%.
During thymine starvation, the OD,40 continued to increase exponentially for 2 h and then slowed quite markedly, finally giving a 2.5-fold increase over the initial value (Fig. 4a) . Cell numbers increased to 160% (Fig. 4a) , and then no further cell division occurred. At this stage, 20% of these cells contained septa so that the total increment in cells that formed septa over the initial concentration of cells (Coulter units) was 192%, which was reproducible to within 10%, although the proportion of septate cells remaining was lower in some experiments. Under these conditions, production of anucleate cells has not been seen (6) . The point of commitment at which completely separate bacterial units are produced is, therefore, 54 min before cell separation, and that to produce a septum is about 70 min before cell separation (calculated as shown above). The nuclear segregation time in this strain is also 70 min; therefore, commitment to septum formation occurs almost simultaneously with nuclear segregation.
The average length changes very little for 80 min after starvation but, thereafter, starts to increase considerably as the division rate falls (Fig. 4b) . The rate of length extension can be considered independently of cell numbers by following the sum of cell lengths (i.e., average cell length x cell number). This is approximately linear for 4 h and gives a total increase of 2.5-fold (Fig. 4c) .
A nutritional shift-up during thymine starvation has very little effect on the extent or rate of residual cell division (Fig. 4a) . The mass growth rate is initially marginally higher and ultimately increases threefold before stopping. Cell length increases rapidly and, when plotted as the sum of cell lengths, is approximately linear for 4 h with a 4.5-fold increase in total length (Fig. 4c) .
The rate of length extension with glucose as carbon source was 0.77 x 108 Mm/h and during the shift-up was 1 .72 x 108,Mm/h. This is clearly not consistent with constant-rate model A. The rate of length extension predicted by model B can be calculated as follows: rate of length extension per cell = nl/g x 2x/g x 60,um/h
The value of 2x/g was shown above to be equal to the number of nuclei per cell, and a value of nl of 1.29 ,m was obtained from length per nucleus (Table 2) . For strain Nil grown on glucose the generation time was 76 min. The expected rate of extension per cell was therefore 0.8 Mm/h and for 1.25 x 108 cells per ml would be 1.0 x 108 im/ml of culture. The observed value was about 20% lower than this.
The typical postshift mass doubling time of exponential-phase cells for Nil was 40 min. During thymine starvation, the mass growth rate apparently did not reach this rate during a shift-up. However, the theoretical rate of length extension, calculated as above, using 40 min as a value of g, was 1.88 x 108 um/h, and the observed rate was 10% lower than this.
Length extension during a nutritional shift in unstarved exponential-phase cells. When exponentially growing cells are shifted-up nutritionally, the mass growth rate accelerates to a new rate almost immediately (15, 37) , whereas other processes, such as cell division or DNA synthesis, show a lag before reaching the new rate. For each process the time elapsing be- ) and (---) Theoretical rates for glucose and glucose plus casein hydrolysate, respectively. tween the shift and attainment of the new steady state is equal to the length of time required from initiation of the process to completion (e.g., a new rate of chromosome initiation is reached C + D minutes before cell division, where C is the chromosomal replication time and D is the time elapsing between termination and cell division) (8) .
This priciple can be used to distinguish between model A and the other two. For the data shown above (Fig. 3, Table 2 ) to fit model A, the doubling in rate must occur approximately 70 min before nuclear segregation. In the transition from succinate to glucose (Table 1) , this is about 120 min before the rate of cell division reaches a steady state. On the basis of VOL. 123, 1975 on October 27, 2017 by guest http://jb.asm.org/ Downloaded from SARGENT model B, x is equal to the time elapsing between nuclear segregation and cell division, which in the case of glucose-grown cells will be about 50 min before cell separation. In a nutritional transition, therefore, length extension should reach a steady state only 50 min before cell division. Clear-cut evidence against model A has been obtained in the transition from succinate to glucose medium.
Bacteria growing on succinate with a doubling time of 115 min were diluted with fresh, prewarmed medium containing 0.4% glucose. The mass growth rate accelerated almost instantaneously to a doubling time of 60 min, whereas cell numbers increased only gradually, reaching a new steady state after about 130 min (Fig. 5b) . Figure 5a shows cell mass (OD per 109 cells), plotted on an arithmetic scale, together with cell length and numbers of nuclei during the transition. The latter two parameters changed most sharply in the interval 80 to 120 min. This could be explained as follows. If any event is controlled by a specific part of the chromosome, the product (on a per cell basis) will increase during the interval between this element reaching a new steady state of replication and the time at which the new steady state of cell division is reached. The sharp changes in numbers of nuclei and cell length between 80 and 120 min represent the time between the doubling in rate of length extension and cell division. The time of the transition can be seen more clearly, in this case, by plotting the time courses of total length increase and increase in numbers of nuclei per milliliter (Fig. 5b) . Both nuclei and cell length reach steady states at about 80 min and not immediately after the shift-up. Model A is therefore most unlikely on this analysis.
The effect of the variable rate element on the time course of the transition is shown in Fig. 6 , where the data for total length per milliliter of culture is shown, plotted on an arithmetic scale, relative to the theoretical initial rates of length extension calculated for values of g of 60 and 120 min. The initial rate of length extension falls about the rate to be expected for a culture with a generation time of 60 min, but over the first hour the difference between this and the rate for a generation time of 120 min is small and barely significant statistically. However, the overall trend appears consistent with model B.
DISCUSSION
The time taken to reach a new steady state of total length extension during a nutritional shift (from succinate to glucose) provides a critical (40) have also observed a lag in the rate of increase in total length during nutritional transition experiments in Bacillus megaterium.
A second difference between models A and B is that the rate of length extension per site is constant at all growth rates in the former case and variable in the latter. Strong support for the variable-rate model (B) has been obtained by demonstrating an acceleration in rate of length extension during a nutritional shift-up of bacteria starved of thymine. This experiment is based on the assumption that inhibition of DNA synthesis (by thymine starvation) prevents the appearance of new sites of length extension but allows length extension from preexisting sites and, indeed, during thymine starvation the rate of total length extension is linear, both during a nutritional shift-up and in unshifted cultures. Kubitschek (18) , using E. coli, has shown a linear increase in volume over two generations during thymine starvation.
Although exponential models cannot be eliminated by this analysis, a small amount of indirect evidence against them is available. Thus, synthesis of mucopeptide in E. coli (10) and membrane protein in B. subtilis (35) occur linearly with doublings in rate at specific times in each cycle, and these might be expected to correspond to the pattern of length growth shown by the organism. If there are indeed small numbers of growth zones (11, 14, 32, 33) in rod-shaped bacteria, to sustain linear growth each site would have to extend at an exponentially increasing rate. The thymine starvation experiments suggest this is unlikely.
On the basis of either model B or C, the cell length at nuclear division is a constant or multiple thereof at all growth rates (see Appendix) and, furthermore, nuclear segregation in 168/S occurs in cells of the same range of lengths (2.5 to 3.0 um) in both succinate-and glucose-grown bacteria in which the average cell lengths are 2.4 and 3.5 um, respectively (36) . Nuclei in mononucleate cells are found in the center of cells, and at nuclear division the daughter nuclei appear to move abruptly to a site 25% from either end of the cell (36) during nuclear division the distance moved by nuclei on either side of the center is the same at all growth rates.
If, as Jacob et al. (12) have suggested, chromosome segregation is achieved only by surface growth between attached chromosomes, there can be only one or two growth zones per chromosome (36) . Thus, either there is one growth zone, generating surface symmetrically on either side (36), or there are two asymmetric growth zones flanking the newly synthesized part of the surface (as suggested by Donachie and Begg [5] ). Ryter and colleagues (32, 33) have provided evidence for symmetrical growth zones in B. subtilis and E. coli.
The apparent "jump" in the position of the nuclei appears superficially to be incompatible (36) with the idea that surface growth between chromosomal attachment sites achieves segregation (12) . However, this observation can be reconciled with the theory as shown in Fig. 7 . The chromosome is shown attached to the cell surface by the terminus at a growth zone (symmetrical) and at the next potential growth zone by the origin, with the bulk of the nucleus located at the terminus attachment site. As length extension proceeds, the origin is moved away from the bulk of the nucleus, and on completion of the chromosome the nucleus moves to the site at which the origin was attached and then attaches strongly by the terminus. There is biochemical evidence that the chromosome is more strongly attached by the terminus than by the origin (42) . If nuclear segregation is achieved by a single symmetrical growth zone, then n, in the formula for model B, would have a value of 1.0 and cells at the point of nuclear division would be 2 1 long. At this time, the length of surface synthesized is equal to 0.5 1 on either side of the nucleus. After nuclear division, the daughter nuclei move to positions 25% from either end of the cell, and, therefore, to the junction of old and new surface formed one generation previously. The origin of the surface of such a cell on the point of division is shown in Fig. 8 . If n is greater than 2 and growth zones operate symmetrically, surface growth cannot be the sole mechanism of chromosome segregation, and the site to which nuclei move would not be identifiable in this manner.
Although the average length at nuclear segregation is constant over a range of growth rates, studies of the frequency of nuclear division relative to cell length (36) (38) showed that in several enteric bacteria the variation in cell length at division was less than the variation in generation time, and from this concluded that attainment of a certain length at division was an important element in commitment to division.
Experiments showing that growth occurs symmetrically around nuclei (32, 36) indicate that at about the time of nuclear division the old growth zone must cease length extension. Presumably this site is then committed to a developmental sequence, culminating in septum formation, which does not involve length extension. The observation that the rate of residual division during thymine starvation is not significantly affected by a nutritional shift whereas the rate of cell extension doubles can be Al A2 B2 1IB.ID. . Sites to which nuclei move at segregation, 0. regarded as evidence that the rate of septum formation is controlled independently of peripheral wall extension.
The dependence of the rate of linear extension on growth rate is similar to the general response of bacterial cells to a nutritional shift-up. Thus, during a shift-up, there is a rapid increase in rate of protein synthesis as a result of an increase in ribosome synthesis (15) . Cell length extension is presumably dependent on membrane protein synthesis and can be expected to show the same response as cytoplasmic protein synthesis. Regulation of surface-synthesizing components must, therefore, be visualised at two levels: (i) a regulation of rate per site that is affected by the nutritional status of the growth medium; (ii) a regulation at individual sites that, when a new growth zone forms, induces formation of the necessary length-extending machinery (ribosomes for synthesis of membrane proteins, etc.).
The model for Bacillus growth and division, described above, has strong similarities to the model for the division of Streptococcus faecalis presented by Higgins et al. (9, 39) . In this organism, there is evidence that (i) surface growth zones develop to become septa, i.e., septum formation occurs at a site in the newest wall; (ii) new growth zones are formed at the junction of old and new wall; (iii) growth zones operate symmetrically; (iv) there are indications that the nucleus is attached only at growth zones; (v) formation of the septum can be regarded as a developmental process to which the growth zone is committed once peripheral wall extension at that site has ceased. The essential difference between the coccal and bacillary growth forms, on this analysis, seems to be the angle at which new peripheral wall is inserted relative to old peripheral wall and the angle at which cross walls are inserted relative to the peripheral wall. APPENDIX Models for the determination of average cell length. The average length (l) of an exponentially growing culture is given by Linear growth. Linear growth would occur during a period in which there was no change in the number of sites of length extension. Thus, in an exponentially growing culture, if the number of sites double in number at time t (a fraction of generation time), the rate of length extension doubles (Fig. la) .
The time elapsing (in generation times) between t and cell separation equals (m -t), where m is the number of cycles of cell division over which the period between t and cell separation extends. In which case, the total number of growth zones before and after t would be n.2 ( -l1) and 2 * n 2 (m-1), respectively, i.e., during the interval 0 -t, in a cell in which m = 1, the number of growth zones equals n. A cell of this kind may be regarded as one growth unit.
During the intervals of cell age a, 0 -t, and (t -1.0), the cell length would be: L = Lo + n-2m.l-Ka, where o <a <t (3) and (4) where t < a< 1.0 where Lo is the length of a newborn cell and K is rate of length extension relative to cell age and a is relative cell age.
The length of a newborn cell is equal to the total length synthesised during one cycle, i.e., (1) where L is the cell length at relative cell age (a) and N is the cell number at cell age a given by the age distribution theorem (31) (Fig. lb) , i. 
Expressions for average length can be obtained by substituting a term for L as a function of cell age in equation 1. Linear and exponential functions have been considered. l = (n * lg)/(log. 2) 2x/g (10) Two alternatives of this model have been considered: model A, in which I is a rate and is a constant at all growth rates (i.e., equation 10); model B, in which I is proportional to growth rate, which gives the relationship: l = (nl/log.2) 2x/g (11) in which case I has dimensions of length.
The cell length x minutes before cell separation (Lx) dL/da = n(a) K where n is the number of sites per cell at a cell age a and K is the rate of linear extension per site.
The cell length at cell age a L(a) = Jn(a)K-da If the rate of length extension per site is constant (under any one growth condition) and n(a) = n0 2a, where n0 is the number of sites in a newborn cell As with linear models, the constant K is expressed in terms of relative cell age and can be expressed in real time as Ig, i.e., l = nlg2x/g (15) This is formally identical to model A. If I is proportional to growth rate E = nl.2x/g (16) This is formally identical to model B above and has been investigated as model C above. As with model B, it can be shown that the cell length at x is a constant, i.e., from equation 12. Lx = (n0 K/log.2) 29-x/g substituting n0 as for equation 14 Lx = nK/log.2 Thus, if K is a constant, (i.e., I is proportional to growth rate), Lx is a constant at all growth rates.
Terms used. 
